Layer-specific innervation is a major form of synaptic targeting in the central nervous system. In the Drosophila visual system, photoreceptors R7 and R8 connect to targets in distinct layers of the medulla, a ganglion of the optic lobe. We show here that Capricious (CAPS), a transmembrane protein with leucine-rich repeats (LRRs), is a layer-specific cell adhesion molecule that regulates photoreceptor targeting in the medulla. During the period of photoreceptor targeting, caps is specifically expressed in R8 and its target layer but not in R7 or its recipient layer. caps loss-of-function mutations cause local targeting errors by R8 axons, including layer change. Conversely, ectopic expression of caps in R7 redirects R7 axons to terminate in the CAPS-positive R8 recipient layer. CAPS promotes homophilic cell adhesion in transfected S2 cells. These results suggest that CAPS regulates layer-specific targeting by mediating specific axontarget interaction.
Introduction
The remarkably specific pattern of neural connections is established through a series of recognition processes. Axons are initially guided to the vicinity of their targets by both long-range and short-range cues. Once within the target region, axons then select specific cells with which to make synaptic connections (Garrity and Zipursky, 1995; Tessier-Lavigne and Goodman, 1996) . Although much progress has been made in identifying molecules that play crucial roles in axon pathfinding and topographic mapping, relatively little is known about the molecular logic of synaptic targeting.
Layer-specific innervation is a major form of neuronal targeting in the central nervous system, both in vertebrates and invertebrates. Many regions in the brain are divided into multiple layers, with different types of target neurons, making arborizations restricted to particular layers. Arriving axons thus can form specific synaptic connections by recognizing the right layer(s). It has long been postulated that cell-surface determinants present in individual layers provide cues for the presynaptic cells. Consistent with this idea, several cell surface molecules that are expressed in specific layers and thus are candidate determinants of layer-specific targeting have been identified; these include N-cadherin, Sidekicks, and EphrinA5 (Sanes and Yamagata, 1999; Yamagata et al., 2002) . However, the precise roles of most of these molecules in vivo remain to be critically assessed through genetic analysis.
Here, we investigated layer-specific targeting in the visual system of Drosophila, where a number of genetic tools are available to manipulate gene expression in individual presynaptic cells. The compound eye of Drosophila contains some 800 simple eyes, called ommatidia, each of which contains eight photoreceptor neurons (R cells), R1-R8. These photoreceptors form synapses in three distinct layers of the optic lobe of the brain (Meinertzhagen and Hanson, 1991; Wolff et al., 1997; Clandinin and Zipursky, 2002) . R1-R6 cells connect to targets in the first optic ganglion, the lamina. R7 and R8 connect to targets in two separate layers of the second optic ganglion, the medulla, which allows the study of layer-specific projection. R8 axons terminate within the M3 layer of the medulla, whereas R7 axons extend into the deeper M6 medulla layer. Recent genetic analyses have identified several receptors and cell-adhesion molecules that are involved in this targeting process, including the cadherins N-cadherin and Flamingo, and the receptor protein tyrosine phosphatases LAR and PTP69D (Newsome et al., 2000; Clandinin et al., 2001; Maurel-Zaffran et al., 2001; Lee et al., 2001 Lee et al., , 2003 Senti et al., 2003) . In Ncadherin, LAR, and PTP69d mutants, R7 axons project inappropriately to the R8 target layer, whereas in flamingo mutants, R8-axon targeting is specifically disorganized. Although the mutant phenotype indicates that these molecules function in specific aspects of R-cell targeting, their expression is not restricted to particular R cells or target layers. Therefore, it has been suggested that additional layer-specific components must exist.
The present study shows that Capricious (CAPS), a transmembrane protein with LRR, might function as a determinant of layer specificity in the Drosophila visual system. CAPS was originally identified for its role in neuromuscular target recognition Taniguchi et al., 1999; Abrell and Jä ckle, 2001) . We found that CAPS is specifically expressed in R8 and in its target layer in the medulla. When caps function is eliminated in R cells, R8 axon terminals fail to stabilize in their target site. CAPS misexpression in R7 redirects R7 axons to terminate in the R8 recipient layer. In vitro, CAPS promotes homophilic cell aggregation. Together, these results suggest that CAPS mediates layer-specific targeting in the visual system.
Results

CAPS Is Expressed in R8 and Its Target Region in the Medulla
We became interested in caps function in the visual system because of its expression in both the eye and the optic lobe. We used anti-CAPS antibodies to study the distribution of CAPS protein during visual-system development. We also examined LacZ expression in the caps enhancer trap line (caps-LacZ) or mCD8-GFP expression driven by caps-GAL4 (capsmCD8-GFP) to determine which cells express caps.
CAPS expression was detected in the eye imaginal disc at the third instar larval stage and throughout pupal stages. CAPS immunoreactivity was present on the surface of subsets of cells in the developing ommatidia (data not shown). Only a single R cell of each ommatidium expressed caps-LacZ or caps-mCD8-GFP, which was identified as R8 by double staining with antibody to Senseless, a marker for R8 (Figures 1A and 1B) . CAPS immunoreactivity was evident on R-cell axons as they exited the eye disc through the optic stalk (data not shown) and as they entered the medulla (insets in Figure 1E ), suggesting that CAPS protein is expressed on R-cell axons.
In the optic lobe, we detected CAPS immunoreactivity in the medulla neuropil, but not in the lamina ( Figure 1C ). CAPS expression in the medulla was initially uniform but became restricted to specific layers as the medulla neuropils formed layered structures during pupal development ( Figures 1C-1F) . We studied the correlation between CAPS expression and positions of R-cell-axon terminals during the process of targeting. R8 axons first arrive at the medulla during early pupal development and terminate in a superficial layer. R7 axons then extend along R8 axons into the medulla and terminate 2-3 mm beyond the R8 terminals. At this stage, CAPS was expressed as bands in the medulla separated by CAPS-negative regions ( Figure 1D ). R8 axon termini were located in the outermost CAPS-positive band, whereas R7 termini were found in the neighboring CAPS-negative band. The layered expression pattern of CAPS became more evident during mid to late pupal development, a time when the medulla neuropil develops by ingrowth of neural processes from the lamina and medulla (Figures 1E and 1F) . During this period, R8 growth cones migrate from a superficial layer into deeper medulla layers and transform into synapses (Meinertzhagen and Hanson, 1991) . The R8 terminals extended as deep as the distal edge of the CAPS-positive band but never extended beyond the boundary to enter the neighboring CAPS-negative band. On the other hand, R7 terminals were always present within the CAPSnegative band. Thus, caps expression is closely correlated with the target-specificity of R cells, being present in R8 and its target layer but not in the other R cells and their target regions (summarized in Figure 7A ).
How does CAPS protein become restricted to particular layers in the medulla? It could be because neurites of caps-positive medulla neurons are confined to particular layers (restriction of neurite extention). Alternatively, it could be because CAPS localizes to layer-restricted segments of neurites that actually span a larger area of medulla (restriction of subcellular localization of CAPS). To distinguish between these possibilities, we studied the distribution of caps-mCD8-GFP that should be present on the entire neuronal processes of caps-expressing medulla neurons. The pattern of mCD8-GFP expression was indistinguishable from that of CAPS protein expression ( Figure 1G ). Thus, we conclude that most if not all of caps-expressing medulla neurons confine their neurites in specific medulla layers, including the R8 but not R7 recipient layer.
Precise R8-Axon Targeting in the Medulla Requires caps To assess whether caps is required for R-cell-axon targeting, we examined the organization of R-cell-axon projection in the adults homozygous for a hypomorphic allele: caps 65.2 . We also employed the EGUF/hid system (Stowers and Schwarz, 1999) to generate mosaic animals in which the eye, but not the target, is homozygous for a null allele: caps
C18fs
. We used mAb24B10 staining to assess the overall R-cell projection in the adult medulla. We found that R-cell-axon targeting in the medulla is highly disorganized in caps mutants or in mosaic animals (Figures 2A-2C ). In wild-type, R-cell-axon fascicles, each of which comprises an R7 and an R8 axon from a single ommatidium, project into the medulla forming evenly spaced arrays. In caps mutants or in mosaic animals, these regular arrays of R-cell-axon fascicles were disrupted. Neighboring R-cell-axon bundles often crossed over each other or fused (arrows in Figures 2B and 2C) . Furthermore, the terminals of R8 and R7 axons, which are normally present in two distinct layers of the medulla, were seen in abnormal positions in the medulla. They often occupied a larger area and were located at inappropriate layers. These results suggest that caps is required in the eye for proper targeting of R cells in the medulla.
Because caps is normally expressed in R8 but not in R7, the primary cause of the caps phenotypes described above is likely a caps requirement in R8. We therefore assessed the targeting of R8 in the mosaic animals with the rh5-tau-LacZ marker, which is expressed in subsets of R8 but not in R7 cells. In control animals, all labeled R8 axons projected in straight lines, perpendicular to the medulla layers, and terminated precisely at the M3 layer ( Figure 2D ). In contrast, in caps mosaic animals, R8 axons often extended irregularly to abnormal positions ( Figures 2E and 2F ). Two major types of local targeting phenotypes were observed. One was layer change, in which R8 axons terminated at abnormal layers in the medulla; they terminated either at more superficial layers than the M3 layer (8% of the R8 axons in caps mosaics [n = 92] compared to 0% [n = 162] in control, p < 0.01, Fisher's test) or at positions between M3 and M6 (22% compared to 0% in control, p < 0.01) ( Figure 2E ). The second phenotype reflected a local topological error, in which R8 axons extended to and fasciculated with a neighboring R-cell-axon fascicle (23% compared to 0% in control, p < 0.01) ( Figure 2F ). Taken together, these results suggest that caps is required for the precise targeting of R8 in the medulla.
Because the R8 mistargeting phenotypes described above were observed in the mosaic animals, in which caps mutant R cells innervated largely wild-type medulla, caps is likely to be autonomously required in R8 cells. However, the EGUF/hid system employed in this study also induced small clones in the medulla (see Experimental Procedures), leaving behind a possibility that the phenotypes observed were caused by defects in the medulla. To further confirm the cell-autonomous requirement of caps in R8-axon targeting, we employed the MARCM system to induce small clones in the eye but not in the medulla. As shown in Figures 2G and 2H , small mutant R-cell clones spanning less than two ommatidia and innerving the completely wild-type medulla (as confirmed by the lack of mCD8-GFP staining) exhibited the same targeting phenotypes as observed in the EGUF/ hid mosaics (5/12 mutant clones examined). These results indicate that caps is autonomously required in the R8 cell for its proper targeting in the medulla.
R8 Axons Initially Project to the Appropriate Target Region in caps Mutants
To study the developmental cause of the phenotypes observed in the adult, we examined R-cell-axon targeting at various stages of development in caps mutants and in mosaic animals. In either case, the overall R8 axon projection was normal at the third instar larval stage (as visualized with mAb24B10, which primarily stains R8 but not R7 at this stage; data not shown). Similarly, the regular arrays of R7 and R8 growth cones appeared largely normal in younger half of the medulla at AP20 (to the left in Figures 3A and 3B ). Only 5% (n = 57) of the R8 terminal were abnormally positioned or misshaped compared to 55% (n = 92) in the adults (p < 0.01). On the other hand, abnormalities were more frequently seen in the older part of the medulla at this stage (to the right in Figure 3B ). At AP40, many gaps were observed in individual rows of R8 termini, with aberrant growth cones at inappropriate layers or in between neighboring axon bundles ( Figures 3C and 3D ). These abnormalities were very similar to the phenotypes observed in the adults. We inferred that caps is required not for the initial projection of R8 axons to the medulla but rather for their termination in the correct target region. (A) caps-LacZ expression in the eye disc at the third instar larval stage. Double staining with anti-LacZ (green) and anti-Senseless (purple) antibodies. Senseless is an R8-specific marker . Cells expressing caps-LacZ are identified as R8. (B) mCD8-GFP expression driven by caps-GAL4 at 20 hr after pupation (AP20). Double staining with anti-GFP (green) and 24B10 (purple) antibodies. mCD8-GFP expression is seen in R8 cell bodies and axons. (C-F) CAPS protein expression in the optic lobe. Green indicates CAPS distribution; purple indicates R-cell-axon staining with mAb24B10 antibody. (C) CAPS expression in the optic lobe at the third larval stage. CAPS is localized in the medulla (me) but not in the lamina (la, also indicated by arrows). (D, D 0 , and D 00 ) CAPS expression in the medulla during early pupal development (AP20). At this stage, a temporal gradient of R-cell-axon extension and growth of medulla neuropils stretches across the medial-lateral axis of the medulla (from right to left in this figure) . As medulla develops to form distinct layers, CAPS protein localizes to specific layers including the R8 but not R7 recipient layer. (E, E 0 , E 00 , and F) CAPS expression during mid (E, E 0 , E 00 , AP40)-to late (F, AP70)-pupal development. CAPS is expressed as a band in outermost medulla that includes the R8 recipient layer. During this period, R8 axons gradually extend into the inner portion of the CAPS-positive band. CAPS immunoreactivity is also evident on R-cell axons entering the medulla (insets in [E] ; enlarged view of the boxed region). CAPS is not expressed in the R7 recipient layer throughout pupal development. (D 000 , E 000 , and F 0 ) Schematic illustrations showing the relative positions of CAPS distribution in the medulla (light gray) and R8 (blue) and R7 (yellow) terminals shown in (D)-(F), respectively. (G) mCD8-GFP expression driven by caps-GAL4 at AP70. Green indicates mCD8-GFP distribution; purple indicates R-cell-axon staining with mAb24B10 antibody. mCD8-GFP expression pattern is indistinguishable from the CAPS distribution at the same stage (F). The positions of the R7 and R8 recipient layers are indicated by arrowheads in this and the following figures (Figures 2-5 R8 targeting defects are unlikely to be caused by cellfate change. In caps mutant eye discs, the expression profile of the R8 markers, Senseless and Bride of sevenless (BOSS), were indistinguishable from those of wildtype ( Figures 3E-3H) . Furthermore, initial projection of R8 axons to the medulla was normal as described above. The morphology and position of rhabdomeres were normal, as assessed in sections of adult eyes stained with toluidine blue (Figures 3I and 3J ). Differentiation of R1-R6 cells and their projection to the lamina were normal in caps mutants (Figures S1A-S1C ). Overall patterning of the medulla also appeared normal in caps 65.2 adults (Figures 3K and 3L) . These results provide further support for the notion that caps is required for R8 targeting in the medulla but not for specification of R cells or differentiation of the medulla neuropile.
Ectopic Expression of caps Leads R7 Axons to Terminate in the R8 Recipient Layer in the Medulla To address whether caps misexpression in usually caps-negative R cells is sufficient to change their target specificity, we used a GAL4/UAS system to express caps in these cells. Expression of caps in all R cells with the GMR-GAL4 driver caused striking defects in medulla targeting. Instead of forming two distinct terminals in the R7 and R8 recipient layers, many innervating R-cell-axon bundles formed only a single terminus located at or near the R8 recipient layer, leaving the R7 recipient layer uninnervated ( Figures 4A and 4B ) (98% [n = 185] and 80% [n = 397] in GMR-GAL4/UAS-caps-Ia5 and GMR-GAL4/UAS-caps-Ia4, respectively, compared to 0% in control [n = 162], p < 0.01, Fisher's test). We next used an R7-specific marker, rh4-tau-LacZ, to examine the projection of individual R7 axons in GMR-GAL4/UAS-caps animals ( Figures 4C-4D 0 ). We found that most of the rh4-tau-LacZ-positive R7 axons (82%, n = 79) terminated at the R8 recipient layer. These results support the notion that the ectopic expression of caps redirects R7 axons to terminate in the CAPS-positive medulla layer. The effects of ectopic caps expression on R-cell connectivity in the medulla were not caused by changes in R-cell fate determination because the expression of R-cell-specific markers was normal in GMR-GAL4/UAS-caps eye discs (data not shown).
Targeting of R1-R6 to the lamina appeared largely normal in GMR-GAL4/UAS-caps animals. Staining of third instar eye-brain complex with the general R-cellaxon marker mAb24B10 or with Ro-tau-LacZ, an R2-R5-specific marker, showed that these R-cell axons targeted to the lamina as in the wild-type (data not shown). Thus, caps expression in R1-R6 is not sufficient to change lamina versus medulla target specificity. Similarly, R8 axons were not redirected to target in the lamina, when caps expression was induced in the lamina by omb-GAL4 (Figures S1D-S1F) . These results are consistent with the idea that caps is involved in R-cell-axon targeting within the medulla but not in lamina versus medulla target specificity.
Redirection of R7 by Ectopic caps Is Not Caused by Increased Axon-Axon Adhesion
Because CAPS is expressed in the R8 recipient layer and can function as a homophilic cell adhesion molecule in vitro (see below), the simplest interpretation of the phenotype observed in GMR-GAL4/UAS-caps is that CAPS promoted interaction between R7 axons and the M3 target layer. However, because a high level of caps expression is induced in all R-cell axons in GMR-GAL4/UAS-caps, the observed phenotype could also be caused by increased fasciculation between R7 and 
F). (G and H) Isolated caps
C18fs mutant R-cell clones produced by the MARCM method exhibit the same targeting phenotypes as observed in caps mosaic animals. Mutant R8 axons (visualized with anti-GFP antibodies, red) innervating wild-type medulla region terminate in abnormal positions (arrows). Green indicates staining for mAb24B10 antigen. Scale bar, 10 mm.
R8 axons. Two lines of evidence, however, argue against this possibility.
First, we found that in GMR-GAL4/UAS-caps animals, most of the R7 axons initially project to the correct target layers in the medulla, indicating that they are able to defasciculate from R8 axons. In early pupa of GMR-GAL4/ UAS-caps, R-cell growth cones were present at two distinct layers in the medulla just as in wild-type (only 2.6% [n = 78] of R7 axon terminals in GMR-GAL4/UAS-caps were abnormally positioned, compared to 0% [n = 39] in control, p > 0.05) (Figures 5A and 5B) . Thus, R7 growth cones extend beyond the R8 layer and reach their presumptive recipient layer normally. At 30 APF, however, many gaps were observed in the regular arrays of R7 termini, suggesting that some R7 axons were mistargeted (44% [n = 61] of R7 axon terminals in GMR-GAL4/UAScaps were abnormally positioned, compared to 0% [n = 78] in control, p < 0.01) ( Figures 5C and 5D ). We infer Photoreceptor targeting in adult medulla assessed by staining with mAb24B10 (a marker for all R cells) (A-E 0 , green) and Rh4-tau-LacZ (a marker for R7) (C-E 0 , purple). (A and B) Overall projection pattern of photoreceptors in the medulla. In wild-type (A), two distinct layers of R7 and R8 termini are present in the medulla. When caps is expressed in all photoreceptor cells in GMR-GAL4/UAScaps-Ia4 animals (B), many R7 axon termini are missing in the target region. Note that in the R7 recipient layer lacking R7 terminals, mAb24B10-positive medulla processes are seen. (C-E 0 ) Double staining for 24B10 (green) and rh4-tau-LacZ (purple). Only the staining for rh4-tau-LacZ is shown in C 0 , D 0 , and E 0 . (C-D 0 ) In wild-type (C and C 0 ), the termini of R7 are seen in the M6 layer. When caps is ectopically expressed in all R cells in GMR-GAL4/UAS-caps-Ia5 animals (D and D 0 ), the termini of R7 are evident in the M3 layer (arrows). (E and E 0 ) When caps is ectopically expressed only in R7 in sev-GAL4/UAS-caps animals, some rh4-tau-LacZ-positive R7 axons terminate in the M3 layer, although at a lower frequency than in GMR-GAL4/UAScaps. Scale bar, 10 mm.
that in GMR-GAL4/UAS-caps animals, R7 axons initially project to their target region but then retract back to the R8 recipient layer during mid-pupal development.
Second, we found that misexpression of caps in R7 but not in R8 axons induce the same targeting defects as observed in GMR-GAL4/UAS-caps. We used sev-GAL4, which expresses in R7 (and in R1, R3, R4, and R6) but not in R8, to ectopically express caps. The level of expression induced by this reporter is also much lower than that induced by GMR-GAL4. Although at a lower frequency (13%, n = 112), R7 axons were mistargeted to the R8 recipient layer when caps expression was induced by sev-GAL4, indicating that ectopic expression of caps only in R7 but not in R8 is sufficient for the retargeting ( Figures 4E and 4E 0 ). Taken together, these experiments suggest that R7 targeting defects observed in GMR-GAL4 animals are due to specific changes in axon-target interaction but not to a general increase in axon-axon interaction in the medulla.
CAPS Can Function as a Homophilic Cell Adhesion Molecule in Transfected S2 Cells
Because caps is expressed both in R8 axons and in the target region, CAPS may mediate homophilic cell adhesion. To determine if CAPS can function as a homophilic cell adhesion molecule, we performed a cell aggregation assay in transfected S2 cells. We cotransfected UAScaps and actin-GAL4 constructs into S2 cells, which normally grow as single unclumped cells with low adhesivity. caps-transfected and control cells were incubated for 1 day with gentle agitation. caps-transfected cells formed aggregates of cells consisting of more than 20 cells. In contrast, no such aggregates were found in control cells (Figures 6A-6C) . To exclude the possibility that CAPS mediates S2 cell adhesion by binding to heterophilic ligand(s) present on S2 cells, we checked whether untransfected S2 cells aggregate with caps-transfected cells. Only a few untransfected DiI-labeled S2 cells were included in the aggregates formed by caps-transfected cells when incubated together, indicating that CAPS binds in a homophilic manner ( Figure 6D ).
Discussion
Different classes of R-cell axons are targeted to distinct layers of the optic lobe. The present study demonstrates that CAPS is expressed in R8 and in the medulla layer The R-cell-axon projection pattern was assessed in the developing medulla in wildtype (A and C) and GMR-GAL4/UAS-capsIa5 animals (B and D) with 24B10 antibodies. (A and B) In early pupa (AP20), two distinct layers of R7 and R8 terminals are present at normal positions in the GMR-GAL4/UAScaps animals. (C and D) 10 hr later (AP30), gaps are seen in the R7 terminals in the GMR-GAL4/UAS-caps (D, asterisk), suggesting that some of the R7 terminals had retracted to the R8 recipient layer. Scale bar, 10 mm. M3 where R8 axons terminate. In caps mutant animals, R8 does not precisely target to this region in the medulla. Ectopic expression of CAPS in R7 redirects R7 terminals to the CAPS-positive M3 layer. In vitro, CAPS mediates homophilic cell adhesion. These observations are consistent with the idea that CAPS mediates homophilic interaction between pre-and post-synaptic cells during the formation of layer-specific neural connections (see results of loss-of-function and gain-of-function analyses summarized in Figure 7B ).
Its expression in specific synaptic partners provided the first clue to the function of CAPS in the visual system. Previous studies showed that during the development of the neuromuscular system, CAPS expression is closely correlated with synaptic connectivity : caps-positive motoneurons innervate caps-positive muscles, whereas CAPS-negative motoneurons connect with caps-negative muscles. Genetic analysis suggested that caps functions as an attractive target cue that guides motoneurons to the correct muscles. Thus, in the two Drosophila systems in which neural connectivity has been well characterized, caps is expressed in both partners of specific synaptic pairings and appears to mediate the interaction between innervating axons and their targets. This idea is further supported by our in vitro cell aggregation assay, which showed that CAPS binds homophilically. However, it should be noted that caps may regulate target specificity through signal transduction rather than by simple adhesion. During the formation of neuromuscular connectivity, motor axons choose among individual muscle cells present in the target region (Keshishian et al., 1996) . On the other hand, during R-cell targeting in the medulla, afferent axons establish specific synaptic connections by selecting the correct target layer. CAPS thus can mediate cell-to-cell specificity in two different types of targeting system.
Analysis of the effects of caps loss-of-function and misexpression in R cells supports the notion that CAPS functions as an attractive target recognition molecule in the visual system. In caps mutants, R8 axons reach the medulla and are initially guided to the correct layer. However, R8 axons then fail to stabilize in the target region and instead extend abnormally to nearby nontarget regions. The onset of the phenotype corresponds to the developmental stage when CAPS expression in specific layers becomes eminent in the medulla. These observations suggest that caps is required for the stabilization of the contact between R8 and the medulla layer. The same phenotype was observed in the mosaic animals, in which caps mutant R cells innervated largely wild-type medulla and in MARCM mutant clones. Thus, CAPS is required in the R cells where it is specifically expressed in R8 for proper targeting. Because CAPS is also expressed in the R8 recipient layer in the medulla, it is likely that CAPS also functions in the medulla to mediate afferent-target interaction. However, because of technical limitations, we were unable to make large caps mutant clones that include all or most of the medulla target neurons. Thus, it remains to be determined if caps is also required in the medulla for correct targeting of R8 cells.
Our misexpression experiments further support the notion that CAPS mediates specific interaction between R cells and medulla layers. CAPS expression on R7 axons is sufficient to redirect them to terminate in a CAPS-positive M3 layer. Although previous loss-offunction analyses have implicated several other cell surface receptor and adhesion molecules in layer-specific targeting in this system, this is the first molecule whose misexpression was shown to switch the target specificity. Two lines of evidence suggest that the misexpression phenotype is caused by the alteration in axon-target recognition rather than that in axon-axon interaction, such as defasciculation defects. First, in GMR-GAL4/UAS-caps animals, R7 axons initially do defasciculate from R8 to reach their target region before retracting back to the R8 recipient layer. Second, CAPS misexpression only in R7 was sufficient to induce the mistargeting phenotype. Taken together, our lossof-function and gain-of-function analyses support the notion that CAPS mediates interaction between specific R-cell growth cones and specific layers in the medulla neuropil, both of which express the molecule.
Layer-specific targeting is widely observed in vertebrate and invertebrate brain and appears to provide a major means to segregate synaptic connections between specific pre-and post-synaptic cells (Sanes and Yamagata, 1999) . Although several axon guidance molecules have been shown to be expressed in particular layers, their roles in layer-specific targeting in vivo remain largely unknown (Sanes and Yamagata, 1999) . The best-characterized cues expressed on specific layers are Sidekicks, cell adhesion molecules belonging to the immunoglobulin superfamily, which are expressed both pre-and post-synaptically in specific synaptic partners that project to the same layers in the retina (Yamagata et al., 2002) . When misexpressed on the presynaptic cells, Sidekicks can change their target-layer specificity. The loss-of-function and gain-offunction analyses presented in this study show that CAPS functions in a similar manner to promote layerspecific connectivity in the Drosophila visual system. These examples provide evidence for the role of local cues in the formation of layer-specific connectivity. On the other hand, as noted in the Introduction, recent studies using the Drosophila visual system have revealed the roles of several receptors and cell adhesion molecules, such as N-cadherin, LAR, and Flamingo, in target layer selection (Newsome et al., 2000; Lee et al., 2001 Lee et al., , 2003 Clandinin et al., 2001; Maurel-Zaffran et al., 2001; Senti et al., 2003) . Although their expression is not layer specific, they contribute to specific aspects of R-cell targeting. Interestingly, the gain-of-function phenotype of CAPS is similar to the of loss of function for N-cadherin or DLAR, suggesting that they may participate in the same molecular mechanism that determines the target specificity in this system. Understanding how such general and cell-specific molecules cooperate to establish layer-specific connectivity will be an important subject in future studies.
